Electroantennogram responses of fall webworms (Hyphantria cunea) to 55 host volatile compounds were conducted. Results showed that male moths were more responsive to trans-2-hexenyl acetate, nonanal, hexanal, trans-2-hexenal, hexanol, isoamyl acetate, acetic acid cis-3-hexenyl ester, ethyl acetoacetate, citronellal and (+)-citronellal, and females were more responsive to hexanol, hexanal, acetophenone, isoamyl acetate, nonanal, trans-2-hexenal, acetic acid cis-3-hexenyl ester, citronellal, cis-3-hexen-1-ol and trans-2-hexen-1-ol. Seven bioactive compounds were also selected for further dosage response experiments, and a positive correlation was found between the fall webworm and the tested compounds. A maximum dosage level of 1000 g was tested and found to elicit significantly higher activity from male moths compared with lower (1, 10, 100 g) concentrations.
Host plants play an important role in the mating and reproduction of defoliating insects, including through influencing the behavior, communication and mechanisms of pheromone signals [1] . For example, some insects use chemicals from host plants as precursors for the biosynthesis of sex pheromones [2] . Certain insects are also known to release sex pheromones only when in the presence of odors from their host plants [3] . Through influencing insect behavior, host volatiles play an important role in courtship and breeding within insect mating systems.
Botanical chemicals, such as plant volatiles, can often enhance the bioactivity of insect sex pheromones. For example, one of the most common green leaf volatiles, (Z)-3-hexene acetate, can enhance the effects of sex pheromones in Helicoverpa zea [4] and Heliothis virescens [5] . Similarly, blending green leaf volatiles with sex pheromones of Cydia pomonella resulted in more male moths being caught compared with controls of only sex pheromone compounds [6] .
Hyphantria cunea, a global quarantine pest belonging to the Arctiidae family of Lepidoptera, has caused extensive destruction in China since its invasion in 1979. Although a number of host plants are used by H. cunea, the insects mostly feed on mulberry (Morus alba L.), rock maple (Acer saccharum), poplar (Populus tremula) and ailanthus (Ailanthus altissima) [7] . Identification of H. cunea sex pheromone compounds began in the early 1970s, and today, 4 primary components of H. cunea are known around the world [8] . Chemical composition of the sex pheromones of H. cunea in China was first reported in 2008 [7] . Interactions between host plants and insects through semiochemicals are now an important subject for chemical ecologists [9] . However, there remains little published work examining relationships between H. cunea and plant odors [10] . Different botanical odors may differentially affect the ability of H. cunea to locate host plants, which may consequently influence their feeding. Based on published work of Lepidoptera bioactive compounds [11] and host leaf volatile components [12] , we identified 55 chemicals that could potentially influence Lepidoptera insects and conducted electrophysiological experiments to elucidate the effect of allelochemicals on H. cunea and its invasive mechanisms in China.
Materials and methods

Insects
Larvae were collected in May 2009 in Sanhe of Hebei Province, China. Larvae were raised in the laboratory with mulberry leaves under conditions of 16L:8D and 25°C. Pupae were sexed, separated by gender, and raised under the same conditions as larvae until eclosion. Newly emerged adult moths were housed at room temperature and 1-3 d moths were used in electrophysiological analysis.
Chemicals for electroantennogram
Chemicals were selected from published work according to their bioactive effect on moths. Their sources and levels of purity are shown in Table 1 . 
Electrophysiological analysis
Electroantennogram analysis was run using standard methods from previous experiments [13] . and 100 mg mL 1 )=1, 10, 100 and 1000 g. A sample of 10 L paraffin oil was used for the control.
Nonanal was used as the standard compound. Tests were run as the following sequence: control, nonanal, sample, control, nonanal. Each antenna was tested twice and each compound was tested with 10 different antennae per gender. To eliminate the interference of solvent and environment, electroantennogram data were adjusted using the following formula:
where R C is the raw electroantennogram value of the sample, R C1 is the value of the control before the sample, and R C+1 is the value of the control after the sample.
The adjusted EAG value was divided by the standard compound value to make a percentage. Mean value was tested using one-way ANOVA, and means were compared with Duncan's multiple-comparison at P=0.05. Each compound's mean difference of male and female moths was tested by t-test. All analyses were performed with the program SPSS 13.0 (SPSS Inc., Chicago, IL, USA).
Results
Electroantennogram responses of H. cunea moths to alcohols
Electroantennogram responses of H. cunea moths to a spectrum of alcohols are shown in Figure 1 . Female moths showed highest EAG responses to hexanol and the values were higher than controls of nonanal. There were no response differences between responses to hexanol and nonanal, but differences between hexanol and other compounds were significant (P<0.05). Heptanol, cis-3-hexen-1-ol, trans-2-hexen-1-ol and 2-ethyl-1-hexanol were in the second class and there was no difference among them. Bioactivities of butanol, octanol and geraniol were at a middle level and there was no difference among them. Other alcohols had low activities of less than a quarter of nonanal. Responses of female H. cunea moths to 1,4-pentadien-3-ol were negative (N=30).
In male moths, EAG responses to hexanol were also the highest among the alcohols, but not higher than the nonanal control (70.34%). There were significant response differences between hexanol and all other compounds, including nonanal (P<0.05). Octanol was the second most active compound and showed differences with other alcohols Figure 1 Mean (± SE) EAG responses of female and male H. cunea to alcohols. NS, no significant sexual difference; *, significant sexual difference, P <0.05; **, significant sexual difference, P <0.01, t-test assuming equal variances (SPSS 13.0).
(P<0.05). Other alcohols showed very low bioactivity, lower than 35% of nonanal. Responses to 1,4-pentadien-3-ol, 2,5-hexanediol and decanol were negative (N=30).
Electroantennogram responses of H. cunea moths to aldehydes and acids
As in Figure 2 , female moths showed highest EAG responses to hexanal, followed by nonanal and trans-2-hexenal in decreasing order. They showed no differences among each other but there were differences between them and other aldehydes (P<0.05). Furfural, citronellal and (+)-citronellal showed no differences among each other, but they all had a value greater than 64% of nonanal. Female moths were not sensitive to propionic acid but we cannot say categorically that females are not sensitive to all acids because we only tested a single acid in our experiment. However, our results showed that for female moths, aldehydes were more bioactive than acids.
Nonanal, hexanal and trans-2-hexenal were the three most bioactive aldehydes for male moths, and although there was no difference among them, there were significant differences between them and other aldehydes (P<0.05). Furfural, citronellal and (+)-citronellal also showed no difference among each other. However, values of these three compounds were less than 45% of nonanal. Thus, male moths also showed higher activity in response to aldehydes compared with propionic acids, with the exception of furfural. In summary, female moths showed higher activity to aldehydes than male moths. Nonanal, hexanal and trans-2-hexenal were very bioactive in both genders, producing values higher than 93% of nonanal. However, propionic acids showed low activity with both genders, indicating that H. cunea moths were not sensitive to these acids.
Electroantennogram responses of H. cunea moths to terpenes
As shown in Figure 3 , female moths were most sensitive to 2,6-dimethyl-2,4,6-octatriene. Terpinolene was the second Figure 2 Mean (± SE) EAG responses of female and male H. cunea to aldehydes and acids. NS, no significant sexual difference; **, significant sexual difference, P < 0.01, t-test assuming equal variances (SPSS 13.0).
Figure 3
Mean (± SE) EAG responses of female and male H. cunea to terpenes. NS, no significant sexual difference; *, significant sexual difference, P < 0.05; **, significant sexual difference, P <0.01, t-test assuming equal variances (SPSS 13.0). most bioactive and there was no difference between 2,6-dimethyl-2,4,6-octatriene and terpinolene. However, they were both significantly different from nonanal (P<0.05). Responses to other terpenes were below 46% of nonanal, especially (+)-longifolene and ()--pinene, which both had negative values (N=30).
In contrast, male moths were not very sensitive to terpenes; -terpinene was the most bioactive compound and it only produced an EAG response value of 23.33%. Nonanal was significantly higher than all compounds (P<0.05). Similarly, responses to (-)--pinene were also negative (N=30).
Responses to 2,6-dimethyl-2,4,6-octatriene, -terpinene, terpinolene and -caryophyllene were significantly different between male and female moths.
In summary, female moths were more sensitive to terpenes than were male moths. Responses to ()--pinene were negative in both genders, but (+)--pinene and ()--pinene were both positive. This result showed that sensitivities of H. cunea moths to terpenes were dependent on differing configuration of compounds.
Electroantennogram responses of H. cunea moths to esters and ketones
As shown in Figure 4 , female moths were more sensitive to esters than to ketones. Isoamyl acetate was the most bioactive and showed higher response values than nonanal, although this difference was not significant. Acetic acid cis-3-hexenyl ester, ethyl acetoacetate and trans-2-hexenyl acetate were in the second class; responses of all three were higher than 51% and there was no difference among them. EAG responses to ketones were low, none being above 13% of nonanal. Furthermore, 3-pentanone showed a negative value (N=30).
Similarly, male moths also showed a higher sensitivity to esters rather than to ketones. trans-2-hexenyl acetate was the most bioactive and was different from other compounds with the exception of nonanal (P<0.05). Isoamyl acetate, acetic acid cis-3-hexenyl ester and ethyl acetoacetate were in the second class with values all above 56% and no significant difference among the three compounds. Similar to female moths, responses of male moths to ketones were weak with values all below 14%. Also, 3-Pentanone showed a negative value (N=30).
We found that there was no significant sex difference among all compounds, except acetic acid cis-3-hexenyl ester.
In summary, H. cunea moths were more sensitive to esters than to ketones. Female moths were most sensitive to isoamyl acetate, but male moths were most sensitive to trans-2-hexenyl acetate. However, within each compound, there was no difference in the response between males and females.
Electroantennogram responses of H. cunea moths to aromatics
As shown in Figure 5 , in female moths, acetophenone was the most bioactive, showing EAG response values above nonanal. Though there was no difference between acetophenone and nonanal, values of acetophenone were significantly higher than all other compounds (P<0.05). The next most bioactive compounds were benzaldehyde and methyl salicylate, which both had response values above 64% and no difference between each other. P-cymene was the least active, with an EAG response value lower than 17% that of nonanal.
Male moths also showed the highest sensitivity to acetophenone but only with a value of 40%, which was significantly different from nonanal (P<0.05) and other aromatics (P<0.05). The second class contained benzaldehyde, cuminaldehyde, methyl salicylate, p-cymene and salicylic acid ethyl ester. They all showed values lower than 21% of Figure 4 Mean (± SE) EAG responses of female and male H. cunea to esters and ketones. NS, no significant sexual difference; *, significant sexual difference, P <0.05; **, significant sexual difference, P <0.01, t-test assuming equal variances (SPSS 13.0).
Figure 5
Mean (± SE) EAG responses of female and male H. cunea to aromatics. NS, no significant sexual difference; *, significant sexual difference, P < 0.05; **, significant sexual difference, P < 0.01, t-test assuming equal variances (SPSS 13.0). nonanal and no difference was found among all the five compounds. 1-Methylnaphthalene showed a negative value for male moths (N=30).
With the exception of p-cymene, males and females responded significantly differently to all compounds.
In summary, female moths showed higher sensitivity to aromatics than did male moths. Acetophenone was the most bioactive for both genders. 1-Methylnaphthalene and pcymene were the least bioactive, especially 1-methylnaphthalene, which produced a negative value in male moths.
Electroantennogram responses of H. cunea moths to amines
As shown in Figure 6 , in females, 1,4-diaminobutane, 1,5-diaminopentane, diethylamine and methylamine were the four most bioactive amines and were all significantly different from nonanal (P<0.05) but not from each other. Responses to ethylenediamine and ammonia solution were low, and values of ethylenediamine were negative for female moths (N=30).
1,4-Diaminobutane showed the highest activity in males, and was significantly different from nonanal (P<0.05). Male moths were not very sensitive to other amines, especially ethylenediamine, methylamine and ammonia solution, which produced negative values (N=30).
With the exception of ethylenediamine and ammonia solution, there were significant sex differences in responses to amines.
In summary, all amines tested in this study showed relatively low bioactivities for both genders of moths, although female moths were more sensitive than male moths overall. Both genders of moths were most interested in 1,4-diaminobutane and had negative responses to ethylenediamine. Male moths also showed negative response values to methylamine and ammonia solution. Figure 6 Mean (± SE) EAG responses of female and male H. cunea to amines. NS, no significant sexual difference; *, significant sexual difference, P < 0.05; **, significant sexual difference, P <0.01, t-test assuming equal variances (SPSS 13.0).
Dosage responses of male H. cunea moths to selected compounds
We selected several kinds of bioactive compounds from the experiments above, and sorted them by activity as per the sequence trans-2-hexenyl acetate>nonanal>hexanal>trans-2-hexenal>hexanol>isoamyl acetate>acetic acid cis-3-hexenyl ester. We conducted dosage response experiments on male moths of H. cunea using the 7 compounds ( Table 2) .
Responses of male moths to seven kinds of compounds were all positive and dose-dependent. For every compound, responses to the maximum dose of 1000 g were significantly different from those of other doses. In male moths, dose differences were not significant for 1, 10, 100 μg doses of trans-2-hexenyl acetate, hexanal and trans-2-hexenal. In contrast, nonanal showed differences among all four doses. In hexanol, isoamyl acetate and acetic acid cis-3-hexenyl ester, there were no differences between 1 and 10 μg doses, but these doses were significantly different from 100 g (except for isoamyl acetate, which showed no difference between 10 and 100 g).
Discussion
We conducted electroantennogram analysis experiments using 55 kinds of compounds with male and female moths. For male moths, the most bioactive compounds were: trans-2-hexenyl acetate, nonanal, hexanal, trans-2-hexenal, hexanol, isoamyl acetate, acetic acid cis-3-hexenyl ester, ethyl acetoacetate, citronellal and (+)-citronellal. For female moths, the most bioactive compounds were: hexanol, hexanal, acetophenone, isoamyl acetate, nonanal, trans-2-hexenal, acetic acid cis-3-hexenyl ester, citronellal, cis-3-hexen-1-ol, and trans-2-hexen-1-ol.
From our results, H. cunea moths are more likely to be interested in aliphatic derivatives, especially 6 carbon aldehydes, alcohols and esters, which are also the most common green leaf volatiles. Generally speaking, 6 carbon straight chain compounds are more bioactive than 5 carbon, 7 carbon or 8 carbon straight chain compounds [13] [14] [15] [16] . For example, fatty alcohols can cause obvious responses in female virgin Heliothis armigera moths, and the intensity of responses are related to the length of carbon chains, which could reach a maximum value by using 1-hexanol. Burguiere et al. [17] considered that this response was not only due to the high volatility of 1-hexanol itself, but was also related to the high sensitivity of female moths to 1-hexanol. Both genders of H. cunea moths were more sensitive to hexanol rather than to butanol, heptanol, octanol and decanol, which proves that six carbon straight chain compounds were more bioactive than five, seven and eight carbon compounds in electroantennogram analysis experiments.
Functional groups have effects on the EAG responses of H. cunea moths. Male moths were more sensitive to hexanal and trans-2-hexenal rather than homologous alcohols, hexanol and trans-2-hexenol. This result proved that unsaturated compounds were more bioactive than saturated compounds [16, [18] [19] [20] . Research by Burguiere et al. [17] indicated that six carbon straight chain ketones and aldehydes had lower bioactivity on female H. armigera moths than alcohols did. Results from the present study proved that functional groups did affect insect EAG responses, which were not positively associated with volatilities of compounds. On the other hand, female moths showed a lower sensitivity to unsaturated compounds than saturated compounds. Similar results have been reported in insect research on Lepidoptera and also Diptera [21] .
Compared with aliphatic compounds, male moths were less sensitive to aromatics but female moths were more sensitive, especially to acetophenone, which elicited a strong response. Today, many aromatics are used as Lepidoptera attractants. For example, a mixture of benzaldehyde, phenylacetaldehyde, 2-phenylethanol and benzyl alcohol, which was released from Abelia grandiflora [22] flowers, was a strong attractant for Trichoplusia ni moths. Heath et al. [23] also reported that electrophysiological responses of Trichoplusia ni to phenylacetaldehyde were equal to responses from a mixture of benzaldehyde, benzyl acetate and phenylacetaldehyde. We suggest that acetophenone may attract female H. cunea moths over a long range, because it was strongly bioactive in our EAG experiments. Terpenes were only weakly bioactive to both genders of moths. Interestingly, there was a significant difference between male and female moths to ()--pinene and (+)--pinene, which implied that different insects may be differentially selective to configurations of chemicals. Therefore, racemic mixtures may lower the sensitivity of insects to compounds if only one kind of isomer causes an obvious response. However, most cases in nature involve mixtures of different isomers present at the same time in botanical volatiles, so there is little need to choose pure enantiomers of compounds for indoor experiments in most situations [17] .
Generally, plants grown in unpleasant odors are more likely to be attacked by H. cunea compared with those grown in a natural environment. This phenomenon implies that unpleasant odors, such as amines, may be attractants for H. cunea moths. However, our EAG tests with amines indicated that none of the compounds were highly bioactive, and it is possible that bioactive compounds of H. cunea are mixtures of several compounds instead of a single component, as is the case for Phthorimaea operculella moths [24] locating hosts by a blending of different signal chemicals. Many herbivorous insects locate hosts by the mixture of different chemicals released by the plants [19] , such as Rhagoletis pomonella being attracted by the five component mixture of butyricacidbutylester, propyl caproate, butyl caproate, butyric acid hexylester and amyl caproate [25] . The green leaf volatile mixture of trans-2-hexenal, cis-3-hexe-1-ol, trans-2-hexe-1-ol and acetic acid cis-3-hexenyl ester is an odor signal for Leptinotarsa decemlineata to locate hosts [13, 20, 26] , so it is likely that H. cunea moths also use a mixture of chemicals for host location.
Our results indicate that female moths were more sensitive than male moths to a spectrum of plant chemical compounds, which accords with results from past studies [4, 25, [27] [28] [29] [30] . Because of oviposition, female moths may be more sensitive to botanical odors to find better places for breeding. Furthermore, herbivore induced volatiles can also have effects on female oviposition behaviors [31] . This phenomenon may be caused by differential quantities of olfactory sensation receptors in male and female of insects [29] .
Green leaf volatiles are considered to be varieties of kairomones [32] . Many studies have indicated that olfactory reactions of male insects can be heavily affected by leaf volatiles [5, 6, 15, 33] . When combined, botanical secondary substances and sex pheromones could attract Helicoverpa armigera moths over large distances [34] . Male moths of H. cunea had strong responses to chemicals of trans-2-hexenyl acetate, nonanal, hexanal, trans-2-hexenal, hexanol, isoamyl acetate and acetic acid cis-3-hexenyl ester, which implies that these compounds may stimulate sex pheromone receptors and enhance the efficiency of sex pheromones. Botanical chemicals comprised a large part of the compounds found to be bioactive for H. cunea moths, and most of them were considered herbivore or oviposition induced secondary substances [35, 36] . Functions of induced botanical secondary substances are complicated and are usually considered to be related to plant defense reactions [35, 36] . However, volatiles can also attract certain species of insects, including parasitic wasps [37] . Invasion and mating of H. cunea in China may be related to the combined effects of sex pheromones and plant volatiles. Moreover, sensitivities of moths to herbivore induced odors indicates H. cunea can potentially have a wider range of hosts and a better adaptability than local insects, which will further increase the invasive ability of this pest. We suggest that botanical volatiles with bioactive properties could be used as synergists to increase the efficiency of H. cunea sex pheromones, and consequently reduce costs of monitoring of H. cunea moths.
